The paper discusses recent results on the development of localized arc filament plasma actuators and their use in controlling high-speed and high Reynolds number jet flows. Multiple plasma actuators (up to 8) are controlled using a custom-built 8-channel high-voltage pulsed plasma generator. The plasma generator independently controls pulse repetition rate (0-200 kHz), duty cycle and phase for each individual actuator. Current and voltage measurements demonstrated the power consumption of each actuator to be quite low (20 W at 20% duty cycle). Emission spectroscopy temperature measurements in the pulsed arc filament showed rapid temperature increase over the first 10-20 µs of arc operation, from below 1000
Introduction
Over the last decade, there has been considerable interest in the use of electric discharge plasmas for flow control. Various types of surface and volume-filling plasmas, including dc, ac, rf, microwave and arc discharges, as well as laser-induced breakdown, have been used to modify both subsonic and supersonic flows. Potential plasma flow control applications include viscous drag reduction and boundary layer separation control in low-speed flows, as well as shock modification, wave drag reduction and boundary layer transition control in supersonic flows.
The primary mechanisms of plasma flow control include electrohydrodynamic (EHD) and magnetohydrodynamic (MHD) interactions, as well as thermal methods (Joule heating of the flow). EHD and MHD interactions involve flow entrainment by collisional 0022-3727/07/030685+10$30.00 © 2007 IOP Publishing Ltd Printed in the UK momentum transfer from charged species accelerated in the plasma by Coulomb and Lorentz forces.
The main limitation on the use of EHD for flow control is sustaining high ion densities in the cathode sheath (space charge region) of electric discharge. For the EHD effect to be significant, the interaction parameter (the ratio of the Coulomb force work to the flow kinetic energy),
should be of the order of unity [1] . In equation (1), ε 0 is the dielectric permeability of vacuum, e the elementary charge, n + the ion number density, E and φ the electric field and the potential difference across the space charge region (cathode layer of streamer head), φ ∼ 200-300 V for the cathode layer of a normal glow discharge and ρ and u ∞ the flow density and free stream velocity. Electron/ion number densities achieved in atmospheric pressure surface discharges are n + ∼ 10 10 -10 11 cm −3 . Therefore, a significant EHD effect on the free stream flow can be achieved at u ∞ ∼ 1-3 m s −1 . In the boundary layer, the EHD interaction parameter is based on the friction velocity, u
, where τ w is the shear stress on the wall, and c f = 2τ w /ρu is the skin friction coefficient. The boundary layer EHD interaction parameter is I BL = I FS / √ c f /2, which implies that the EHD interaction in the boundary layer may be significant at u ∞ ∼ 30-100 m s −1 . These estimates are consistent with recent experiments on drag reduction and separation control in flows over airfoils. Plasma induced flow reattachment has been demonstrated at flow velocities of u ∞ ∼ 1-10 m s −1 [2] [3] [4] [5] [6] [7] , u ∞ ∼ 10-30 m s −1 [8] , and u ∞ ∼ 20-75 m s −1 [9] . Studies of the flow control mechanisms by surface glow discharge plasmas [10, 11] showed the EHD interaction to be the dominant mechanism, with Joule heating being insignificant. However, in [9] it was suggested that reattachment at high flow velocities is due to the tripping of the boundary layer, causing it to be turbulent, by the pulsed surface discharge plasma. Although EHD plasma actuators can be quite energy efficient (with actuator power budget of a few tens of Watts [11] ), further ion density increase in the glow discharge plasma is severely limited by ionization instability development. As a result, the use of EHD for high-speed flow control (with flow velocities of a few hundred m s −1 ) is problematic. In the MHD flow control, the main limitation is sustaining significant flow electrical conductivity, except for hightemperature atmospheric re-entry flows. The MHD interaction parameter (the ratio of the Lorentz force work to the kinetic energy of the flow) is [12] 
where σ is the conductivity, B is the magnetic field and L is the length scale. For B ∼ 3 T, L ∼ 1 m, u ∞ ∼ 1000 m s −1 , and σ ∼ 0.1 mho m −1 (conductivity currently achieved in non-equilibrium air plasmas), the MHD interaction can be significant only at low densities, ρ ∼ 10 −3 kg cm −3 (P∼ 1 Torr). In the boundary layer, the interaction parameter is
, so that the MHD interaction can be used at higher pressures, P∼ 30 Torr. These estimates are consistent with boundary layer flow control experiments in low-speed, salt water flows (σ ∼ 1.0 mho m −1 , u ∞ ∼ 1 m s −1 , ρ = 1 kg cm −3 ) [13] and in M = 3 weakly ionized boundary layer flows (σ ∼ 0.1 mho m −1 , u ∞ = 500 m s −1 , P = 10 Torr) [12, 14] . Again, sustaining higher conductivities in non-equilibrium plasmas is limited by ionization instabilities and requires an extremely high plasma power budget [15] . Therefore, the use of MHD for low-temperature, high-speed flow control at atmospheric pressure is not feasible.
Previous work on thermal flow control includes energy addition using bulk heating of the flow by diffuse nonequilibrium plasmas [16] [17] [18] [19] [20] [21] , or localized heating by a plasma torch or by a pulsed laser breakdown [22] [23] [24] [25] [26] [27] . Bulk heating of the flow to weaken the shock in a high-speed flow requires an extremely high plasma power budget (comparable with the flow enthalpy). Also, since volume-filling non-equilibrium plasmas become unstable and collapse into arc filaments at high pressures, these results have been obtained at fairly low static pressures, P = 10-30 Torr. Repetitively pulsed, rapid localized heating upstream of a vehicle, designed to produce a strong shock wave to alter the shape of a bow shock and thereby to reduce wave drag requires the use of on-board multi-kilowatt lasers or microwave beams operating at high repetition rates (tens of kilohertz), which at the present time does not appear feasible.
Recent work by Leonov et al [28, 29] suggested that a significant high-speed flow control potential could be realized using the thermal effects of near-surface high temperature arc discharges. In these experiments, arc plasma filaments generated shock waves and induced flow separation in supersonic air flows. This suggests that rapidly heated regions near the surfaces may act similarly to the physical geometry alterations in the flow such as tabs and cutouts [30] . Repetitive pulsing of the discharge would be analogous to periodic insertion and removal of these obstacles, and could be used to excite flow instabilities. Unlike most plasma flow control approaches, this method can be used at high pressures and does not require the use of high-power pulsed lasers, focused microwave beams or electrodes protruding into the flow.
This approach has been used in our previous work [31] [32] [33] to enhance mixing in high Reynolds number, atmospheric pressure M = 0.9 and M = 1.3 jet flows. The results show that considerable flow control authority is achieved at a plasma power budget of ∼100 W (∼0.1% of the flow power). The objective of the present paper is to characterize localized arc filament plasma actuators (LAFPA) and to obtain insight into the mechanism of the flow forcing demonstrated in our previous experiments.
Experimental
The experiments were conducted in the Gas Dynamics and Turbulence Laboratory at The Ohio State University. Dry compressed air is supplied to the stagnation chamber of the high-speed jet facility before flowing through a M = 1.3 aerodynamically contoured axisymmetric nozzle with an exit diameter of D = 2.54 cm. The stagnation pressure is adjusted to obtain an ideally expanded axisymmetric jet flow at the nozzle exit (static pressure of P = 1 atm). A cylindrical nozzle extension, made of boron nitride ceramic and housing 8 plasma actuators, is attached to the nozzle exit. The exhausting jet flow is discharged horizontally into an anechoic chamber. The Mach number on the centreline of the flow at the nozzle exit is measured to be M = 1.35, and the Reynolds number of the jet based on the jet diameter, Re D , is about a million.
The jet flow is visualized using light scattering from a streamwise laser sheet passing through the jet centreline, as shown in figure 1 . The laser light is scattered by water droplets formed in the mixing layer of the jet. The water droplets are formed when the moist, warm ambient air is entrained and cooled by the dry cold jet flow. In this flowvisualization technique, only the mixing layer is visualized since no condensation occurs in the jet core flow or the ambient air. A Spectra Physics Quanta-Ray Pro Nd : YAG laser is used as a light source. The scattered laser light is captured by a Princeton Instrument Pixis CCD camera, located normal to the laser sheet. This allows both capturing of the instantaneous planar flow images (frames) with 9 ns exposure time (the laser pulse duration) and generating images averaged over multiple frames.
The centreline Mach number is measured using particle image velocimetry (PIV). Details of the PIV measurement system and more extensive discussion of the results can be found in [32] . The measurements are made at multiple axial locations approximately 5 mm apart, up to a distance of 23 cm from the nozzle exit plane. The centreline Mach number is calculated based on the flow static temperature at the nozzle exit, calculated from the known stagnation temperature using isentropic compressible flow theory. The ceramic nozzle extension, schematically shown in figure 2, has the same internal diameter as the nozzle exit. Boron nitride ceramic is used because of its excellent thermal load resistance. A ring-shaped groove, 0.5 mm deep and 1 mm wide and located 1 mm from the exit plane of the nozzle extension, as shown in figure 2 , is used to house eight pairs of pin electrodes uniformly distributed around the perimeter. Each electrode is made of 1 mm diameter tungsten wire. A high-voltage and a ground electrode are spaced 3 mm centreto-centre to form a plasma actuator. The electrodes are inserted into the extension through radial channels and are housed in the ring groove (see figure 2 ). The groove improves the plasma stability and prevents the plasma from being blown off by the flow. Tungsten has proved to be extremely resistant to erosion caused by the high-temperature arc discharge between the high-voltage and ground electrodes.
To power the plasma actuators, we have designed and built a multi-channel high-voltage plasma generator, schematically shown in figure 3 . The plasma generator enables simultaneous powering of up to eight LAFPA distributed along the perimeter of the nozzle extension. Each actuator is connected in series with a fast response, high repetition rate, high-voltage MOSFET transistor switch (Behlke Electronic GmbH), two 15 k high power solid body ceramic ballast resistors and a high-voltage, high-current (10 kV, 1 A) dc power supply (Glassman High Voltage, Inc.), as shown in figure 3 . Two of these power supplies are used to energize eight actuators. An 8-channel digital-to-analog output PCI card and LabView software, which generates a low-voltage pulse wave to control the switches, were used. This allows independent frequency, duty cycle and phase variation for individual actuators. As a result, the switches are able to produce high voltage output pulses (up to 10 kV), at a variable repetition rate (from 0 to 200 kHz) and duty cycle (from 0% to 100%), with a short rise/fall time (∼ 0.1 µs). For a given forcing frequency, ν, and duty cycle, 0 < δ < 1, the time-dependent input signal to an actuator is given as follows:
where A 0 is the forcing amplitude, g is the step function, i = 1, 2, . . . , N is the actuator number (see figure 3) , N = 8 is the number of actuators, and m is the phase shift parameter. Every switch is liquid cooled to allow continuous operation at high frequency. Although the average current drawn by each power supply is limited to 1 A, the total current during the pulse may significantly exceed 1 A at relatively low-duty cycles. If all eight actuators are powered at the same time, the single actuator current can be up to 0.5 A at a duty cycle of 50% or lower. During the operation, the actuator voltage and current are measured by a Tektronix high voltage probe P6015A and a LeCroy CP031 current probe. The plasma generator and the arcs can be significant sources of EMI noise generated by the high-voltage, high repetition rate pulses. To reduce the EMI interference, we have developed an optical isolation circuit that decouples the computer and digital-to-analog converter board from the plasma generator (see figure 3) .
The plasma generator is compact, robust, and simple in operation. Continuous operation of all eight actuators in M = 0.9-1.3 flows for up to several minutes has been achieved. Although the overall actuator lifetime is limited by the ability of the pin electrodes to withstand the heat load produced by the arc discharge, the electrodes need to be replaced after a few hundred runs of roughly a minute for each run. Our latest results show that essentially the same plasma generator can be used to power up to 32 individually ballasted actuators, with each transistor switch operating up to four actuators at the same time. In this regime, the number of available forcing modes is somewhat reduced since the actuators are operated not individually but in groups of four.
Flow temperature in the plasma was inferred from the partially rotationally resolved nitrogen N 2 (C 3 u → B 3 g ) second positive band system emission spectra measured using a Thor Labs 5 m long AFS fibre optic bundle with collimators on each end, and a Princeton Instruments optical multichannel analyzer (OMA) with a 0.5 m monochromator, 1200 lines mm −1 grating blazed at 700 nm and an intensified CCD array (ICCD) camera. The collimators were positioned a few cm away from the plasma and the flow (see figure 2) , and in front of the slit opening of the spectrometer, respectively. Fibre optic link calibration using a 1.3 mm diameter aperture light source showed the collimator signal collection region to be a cylinder 2-3 mm in diameter and 50 mm long. Rotational temperature of the flow was inferred using a synthetic spectrum with the accurate nitrogen molecular constants [34] , rotationallike intensities [35] and the experimentally measured slit function of the spectrometer. Since the radiative lifetime of the N 2 (C 3 u ) state, 38 ns [36] , is considerably longer than the rotational relaxation time at the present conditions, 0.1-1.0 ns, the rotational temperature inferred from the spectra should be close to the translational temperature. Also, the arc filament plasma may be assumed to be optically thin both because of its small dimensions, ∼1 mm and because of rapid radiative and collisional deactivation of the N 2 (C 3 u ) state. Because of the low spatial resolution of the temperature measurement system (∼2-3 mm, which is comparable with the distance between the electrodes), the measured temperature represents a spatially average value for the entire arc filament. The temperature inferred from the emission spectra is likely to be weighted towards the maximum temperature in the discharge since the high rotational level populations exponentially depend on temperature. The emission spectra are averaged over multiple discharge pulses (typically over ∼1 s). Note that after each pulse, the plasma emission quickly decays because of the short radiative lifetime of the N 2 (C 3 u ) state. Also, after the pulse the plasma is quickly blown off by the flow. Therefore, the emission signal is collected only during the 'plasma on' periods, and therefore the measured temperature is averaged in time over the pulse period. Again, the temperature is likely to be weighted towards its highest value during the pulse. Figure 4 shows time-dependent voltage, current, and power signals in a single plasma actuator operated in the ideally expanded M = 1.3 jet (static pressure of P = 1 atm), at the pulse repetition rate of ν = 20 kHz and 20% duty cycle. In figure 4 , the top waveform shows the input square wave pulse signal to the high-voltage switch produced by the digital-to-analog PCI card. A large initial voltage overshoot (approximately 4 kV) at the beginning of each pulse occurs prior to electrical breakdown in the atmospheric pressure air between the electrodes. As a steady arc discharge is formed, the voltage quickly drops to approximately 400 V. The discharge current of approximately 0.25 A (see figure 4) is limited by the ballast resistors. The delay between the square wave input signal to the switch and the resultant high-voltage output (up to 1-2 µ s, see figure 4 ) is caused by the combined capacitance of the switch, resistors, high-voltage cables and electrodes. After the discharge current is interrupted by closing the switch 10 µs later (see figure 4) , the plasma rapidly decays, with the current falling to zero. However, the high-voltage electrode (anode) remains floating, so that the voltage across the gap does not fall to zero but instead stays at 600-700 V until the moment the switch is opened again 40 µs later (see figure 4 ). At these conditions, the actuator power dissipated in the flow as Joule heat, obtained by multiplying the current and the voltage traces, is up to 100 W (see figure 4) . At the 20% duty cycle, this corresponds to the time-averaged actuator power of about 20 W, or 160 W total plasma power budget when all eight actuators are in operation. For comparison, the jet flow power (the total enthalpy flux) at these conditions is approximately 28 kW. The measurements also showed that the voltage, current and power traces for all eight actuators are essentially the same as shown in figure 4 , except for a phase shift. Depending on the frequency, duty cycle and phase shift, arc discharges produced by different actuators may overlap in time. From visual observations, the plasma filaments are always located inside the groove. In our previous experiments in a nozzle extension without the groove [31] , plasma filament stretching by the flow, beyond the nozzle extension exit plane, was clearly visible. Such stretching of the transverse dc arc plasma by a supersonic flow over a flat plate was also observed by Leonov et al [28, 29] . Adding the groove to the nozzle extension helped in stabilizing the plasma and prevented its stretching and blow-off by the flow. Figure 5 shows plasma visible emission spectra for two different sets of conditions, (i) pulse repetition rate ν = 20 kHz at 8% duty cycle (discharge pulse duration of 4 µs) and (ii) ν = 5 kHz at 50% duty cycle (pulse duration of 100 µs). These are the shortest and the longest discharge pulse durations, respectively, used in the present experiments. Both spectra show partially rotationally resolved N 2 (C ) second positive system bands, with the 1 → 4 band head at 399.7 nm (see figure 5 ). In addition, the 100 µs pulse duration spectrum shows a strong tungsten line at 400.8 nm, indicating more intense tungsten electrode erosion at longer discharge durations and consequently higher temperatures.
Results and discussion

Wavelength (nm)
Intensity (Arbitrary Units) Figure 6 compares an experimental emission spectrum taken at ν = 20 kHz at 10% duty cycle (pulse duration of 5 µs) with the best fit synthetic spectrum at T = 1350 • C. It can be seen that rotational structure of the 1 → 4 and 2 → 5 nitrogen bands is reproduced well by the synthetic spectrum. The uncertainty of the temperature inference, determined from the least squares fit, is ±200
• C. Figure 7 summarizes the plasma temperature measurements, showing the temperature versus the discharge pulse duration at two pulse repetition rates, ν = 20 kHz and ν = 5 kHz. It can be seen that, as the pulse duration is increased from 4 to 20 µs, the plasma temperature sharply increases, from below at these conditions suggests that convective cooling of the arc filament by the flow through the nozzle extension remains a minor effect on this time scale. As the pulse duration is further increased, from 20 to 100 µs, the temperature rise becomes much less pronounced and plasma temperature nearly levels off at about 2000 • C, due to convective cooling of the discharge region by the flow. Note that the temperatures measured at ν = 20 kHz are somewhat higher than at ν = 5 kHz and the same pulse duration (see figure 7) , since at the lower frequency (and lower duty cycle) the longer delay between the arc pulses allows better cooling of hot air pockets in the discharge groove as shown in figure 2 .
Direct measurements of static pressure perturbations produced by the plasma actuators using fast response pressure transducers are problematic because of extremely high EMI noise produced by the plasma. To estimate the amplitude of these perturbations, we used a simple unsteady, quasi-onedimensional arc filament model. In the model, the arc filament is represented as a cylindrical region 0.5 mm in diameter and 3 mm long, heated by a spatially uniform, square wave heat source. The model predicts the filament development in the radial direction. The heat source power was determined from the experimental arc current and voltage measurements, 400 V ·0.25 A = 100 W (see figure 4) . For short discharge pulse durations, a few microseconds, the effect of the flow through the nozzle extension in the arc region in the groove can be neglected. Indeed, at M = 1.3 and stagnation temperature of T 0 = 300 K, the core flow velocity in the nozzle is about u = 400 m s −1 , which means that over 5 µs even the core flow would move over only 2 mm. Since the flow in the groove is much slower, it can be assumed to be essentially stagnant on this time scale, without producing additional convective cooling of the arc filament. Although the model ignores the complex flow field actually formed in the actuator groove, it can be used to estimate both the temperature and pressure rise produced by the arc filament on a microsecond time scale. The problem incorporates unsteady, quasi-one-dimensional Navier-Stokes compressible flow equations,
In equations (4)- (6), ρ, u, T , and P are gas density, radial velocity, temperature and pressure, respectively, r is the radial coordinate, c V is the specific heat of air at constant pressure (assumed to be constant), µ = 1.72·10 −5 ·(T/300) N·s m −2 and λ are viscosity and thermal conductivity of air (constant Prandtl number, P r = 0.7, is assumed), U = 400 V and I = 0.25 A are, respectively, the arc voltage and current, r 0 = 0.25 mm and L = 3 mm are the diameter and length of the arc filament (i.e. localized heating) region. In the calculations, the initial temperature and pressure are T = 300 K and P = 1 atm. This is justified when the pulse repetition rate is not too high, so that sufficient time is provided for the convective cooling between the pulses. An order of magnitude estimate of the upper bound pulse repetition rate is ν ∼u + /l ∼ 10 kHz, where l ∼ 0.1 cm is the groove width and u
is the boundary layer friction velocity, with the skin friction coefficient of c f ∼ 10 −3 at Re D ∼ 10 6 . Equations (4)- (6) are numerically integrated using 1000-2000 mesh points across the integration domain of 5 mm.
The dashed line in figure 7 shows dependence of the calculated filament temperature on the discharge pulse duration up to t = 10 µs, which is in reasonable agreement with the experimental data. This suggests that the assumed arc filament diameter, 0.5 mm, is also close to the experimental value. Figure 8 shows radial distributions of temperature and pressure near the arc filament at t = 1, 3, 5 and 10 µs after the arc is started. It can be seen that while heating is localized to the region adjacent to the filament, 0.5-1.0 mm in diameter, it also generates a gradually weakening radial compression wave. Five microseconds after the arc is started, the compression wave propagates approximately 2 mm from the filament centre, where its relative amplitude decreases to approximately P /P = 0.15 (see figure 8) . Note that at t = 10 µs, the compression wave front steepens and becomes a shock wave. This demonstrates that rapid localized heating in the small diameter arc filament can generate strong compression/shock waves propagating up to a few mm from the heating source, which may affect the main flow in the nozzle extension. Figure 9 shows the results of modelling calculations at the conditions of figure 8, the only difference being that the arc is turned off at t = 5 µs. It can be seen that while turning the heating source off greatly reduces the peak temperature in the filament (from T = 1700 to 850
• C), it has essentially no effect on the speed or amplitude of the radial compression/shock wave, which is generated during the first few microseconds of heating (compare figures 8 and 9 ). Basically, after the slightly supersonic compression wave leaves the heating region, it has 'no knowledge' about further behaviour of the arc. The only effect of turning the heat source off is formation of a weak rarefaction wave in the wake of the compression wave (see figure 9 ). This suggests that localized heating may be effective only during the first few microseconds of arc operation, resulting in a strong compression/shock wave which may interact with the main flow. On the other hand, since further heating does not result in the formation of compression waves, it is unlikely to be effective for flow forcing. Finally, figure 10 shows the results of modelling calculations at the same conditions as in figure 8 , but with the gas initially uniformly preheated up to T = 500 K (227
• C), at the same pressure of P = 1 atm. One can see that preheating results in the compression wave amplitude reduction by about a factor of two, compared with the baseline case of figure 8. This occurs because rapid heating of already preheated gas produces lower relative density reduction and less mass displacement out of the heating region, resulting in a weaker radial compression wave. Note that in the case shown in figure 10 , the compression wave becomes so weak that it never becomes a shock wave.
To summarize, the results of modelling calculations suggest that flow forcing using localized arc plasma actuators should be most efficient at low actuator duty cycles, with short heating periods and sufficiently long delays between the pulses to allow for convective cooling of high-temperature air pockets in the groove. Figure 11 shows instantaneous laser sheet scattering images of an ideally expanded M = 1.3 jet, both at the baseline conditions (i.e. without plasma actuators operating), and with eight plasma actuators operating at ν = 5 kHz and 20 kHz with duty cycles of 5% and 10%, respectively. In the latter two cases, four actuators on the top half of the jet are operating 180
• out of phase with the four actuators on the bottom half (azimuthal mode with m = ±1, or flapping mode). In figure 11 , the distance between two adjacent tick marks is one nozzle exit diameter, D = 2.54 cm, with the first tick mark being one diameter downstream from the nozzle exit. As discussed in section 1, only the mixing layer of the jet is visualized. The baseline image in figure 11(a) shows the growth of the mixing layer, both inwards and outwards, in the downstream direction from the nozzle exit. As expected, the baseline image has large-scale flow structures but they are not well organized, which is typical in such a high Reynolds number jet. On the other hand, when the jet is forced at a forcing frequency of ν = 5 kHz, the large-scale coherent structures generated by actuator forcing (see figure 11(b) ) are well organized and robust. This forcing frequency, at Strouhal number of St D = νD/u = 0.33, is close to the jet preferred instability frequency [32] . Forcing the jet in the flapping mode is the reason for the structures in the top mixing layer being 180
• out of phase with the structures in the bottom mixing layer (see figure 11(b) ). These structures are similar to largescale coherent structures detected in low-speed, much lower Reynolds numbers jet flows [37] . Forcing different azimuthal modes of the jet significantly affects the large-scale structure arrangement in the flow and the response of the jet, as discussed in detail in [32] . Moving away from the preferred frequency to ν = 20 kHz causes the response of the jet to forcing to decrease, as shown in figure 11 (c).
In figure 11 (b), at ν = 5 kHz, 5% duty cycle, the timeaveraged plasma power per actuator was approximately 5 W, with the single pulse energy of about 1 mJ. In figure 11(c) , at ν = 20 kHz, 10% duty cycle, the time-averaged plasma power per actuator and the single pulse energy were approximately 10 W and 0.5 mJ, respectively. The latter parameter, proportional to the pulse duration, controls the plasma temperature (see figure 7) . Figures 12 and 13 show the axial Mach number distributions on the centreline of the M = 1.3 jet, measured using PIV. In figures 12 and 13, the end of potential core for the baseline case is located approximately at x/D = 6. The PIV results are consistent with the flow visualization data shown in figure 11 . In particular, it can be seen that the length of the potential core in the flow forced at ν = 5 kHz is significantly reduced, compared with the baseline case as well as to ν = 2 kHz and ν = 20 kHz forcing cases. In addition, one can see that downstream of the potential core, the Mach number reduction at the forcing frequency of ν = 5 kHz is more significant compared to the baseline flow and two forced flows, ν = 2 kHz and ν = 20 kHz. It was also found that at ν = 5 kHz and higher duty cycles, this reduction was less pronounced (not shown in figure 12 ). This is consistent with the results of the modelling calculations, which predict a stronger plasma actuator forcing effect at lowduty cycles. Also, at low frequencies and duty cycles the timeaveraged actuator power budget is considerably reduced, down to about 40 W for eight actuators operating at a 5% duty cycle, compared with the flow power of approximately 28 kW. From figure 13 , one can also see that the effect of the plasma on the flow is detected for different forcing modes. In particular, forcing the flapping mode (m = ±1) was the most effective and forcing the axisymmetric mode (m = 0) was the least effective (see figure 13) , with all other modes tested falling in between.
Summary
The paper discusses recent results on the development of LAFPA for control of high-speed and high Reynolds number (Re D ∼ 10 6 ) atmospheric pressure jets. Multiple plasma actuators (up to 8) are controlled using a custombuilt 8-channel high-voltage pulsed plasma generator. The plasma generator independently controls pulse repetition rate (0-200 kHz), duty cycle (0-100%) and phase for each individual actuator. The actuators are controlled by a lowvoltage electronic input signal, which makes them ideal for both open and closed loop active flow control. Current and voltage measurements demonstrated the power consumption of each actuator to be quite low (20 W at 20% duty cycle), a necessity in any control application. Emission spectroscopy temperature measurements in the pulsed arc plasma filament showed that the temperature rapidly increases over the first 10-20 µs of arc operation, from below 1000
• C to up to about 2000
• C. At longer discharge pulse durations, 20-100 µs, the plasma temperature levels off at approximately 2000
• C. Modelling calculations using an unsteady, quasi-onedimensional arc filament model showed that rapid localized heating in the arc filament on a microsecond time scale generates strong compression waves propagating up to a few mm from the heating source, which may interact with the jet flow. The results of calculations also suggest that flow forcing using localized arc plasma actuators is most efficient at low actuator duty cycles, with short heating periods and sufficiently long delays between the pulses to allow for convective cooling of high-temperature filaments. The model predictions are consistent with laser sheet scattering flow visualization results and PIV measurements made in a M = 1.3 ideally expanded jet. These measurements show large-scale coherent structure formation and considerable mixing enhancement in jet flows forced by eight repetitively pulsed plasma actuators operating in close to the jet preferred mode frequency range (ν = 5 kHz). The results also show a significant reduction in the jet potential core length and a significant increase in the jet Mach number decay rate beyond the end of the potential core. The use of arc plasma actuators with low power consumption, high bandwidth and large forcing amplitude open new opportunities for control of high-speed and high Reynolds number flows for different applications, including mixing enhancement and noise mitigation.
